A new dw of membrane labels was synthesized which contain a tungstate cluster (having 11 tungsten atoms) and an aliphatic organo-M moiety with various chain lengths (6, CS, C12, Cu, C22). These m o l d e s were found to insert into synthetic phospholipid vesicles and biological membranes (human d blood cell membranes). The tungstate dusters can be individually visualized in the high rcsolu-
Introduction
A number of membrane labels are available for structural studies, for tracing membrane dynamics, or other purposes. These include fluorescent probes that are lipid soluble, and radioactively labeled phospholipids. Neither of these provides high spatial resolution commensurate with the capabilities of the electron microscope. Another disadvantage of the radioactive probes is that owing to their low specific activity exposure of the autoradiograph usually takes several months. The class of probes described in this report has a resolution of 1.0-2.0 nm (about 100 to 1000 times better than the fluorescent or radioactive probes) and can be visualized immediately in the electron microscope.
Tungstates are commonly used in electron microscopy as negative stains. A commonly used form, phosphotungstic acid, exists as H3W12P040 and is a cluster, whose structure was first solved by Keggin in 1934 (3) (Figure 1 ). It has a diameter of 1.0 nm and is water soluble. In this form it is a polyanion (-3 charge) and other than its ionic property does not react with proteins. This "Keggin" (W12P040) structure was studied (8) in the high-resolution scanning transmission electton microscope (STEM) and found to be highly visible as 1.0 nm spheres that did not move about on carbon films as do single heavy atoms (17) . They also lost no apparent mass and still scattered strongly after high electron doses (8) . This is in sharp contrast to proteins and even undecagold clusters, which can lose 35% of their mass at high doses (16) . Undecagold clusters are similarly sized clusters that have been used for protein labeling (2). The tungstates therefore appear to be ideal labels for electron microscopy in many regards. Howevcr, because of their negative charge, tungstates bind to some proteins (10) . They were found, though, not to attach well to membranes and gave a light, unstained membrane image in electron micrographs (1).
A membrane-specific tungstate label may be designed by derivatizing the tungstate with an appropriate organic group. This chemistry is possible by forming the "defect" or "lacunary" structure W11PO39 (13) , which is missing a tungsten atom (actually a WO6 octahedral unit) and inserting into the vacancy a tin atom with an organic group attached, as first described by b o t h (4, 5) and Zonnevijlle and Pope (18) . Tin derivatives of the Keggin structure are reported that contain the organic groups, W11P039SnR4-, where R is methyl, ethyl, n-butyl, phenyl, or x-C>H> Fe (C0)2 (4, 5, 18) .
In this report wc describe a series of alkyl derivatives preliminarily reported by us earlier (6) and their use as membrane probes in the electron microscope. These organotungstates share the general formula W I I P O~~S~( C H~)~C H~~-where n = 3,7,11,17,21. Repraentative schematic drawings of these compounds are shown in Figure  2 . The alkyl "tail" of variable length is hydrophobic and can be expected to insert into lipid membrane structures; the polyanion charged tungstate "head" should reside facing the aqueous phase, similar to phospholipid behavior.
Materials and Methods

Preparation of W I I P O~~S~( C H Z ) . C H~.
WI 1P039'was synthesized by the method similar to that of Tourne (13): NaHP04 . 7Hz0 + 11 N a~W 0 4 2H20 + 17 HCI -Na7WiiP039 + 17 NaCI + 38H20 1 Figure 1 . The Keggin heteropolyanion structure, W, , PO, o' -1.65g Na2HP04 . 7H20 (268.07 glmol. 6.06 mmol) was dissolved in 30.0 ml H20. 20.0 g Na2W04 H20 (329.86 glmol, 60.6 mmol) was dissolved in the solution with stirring and gentle warming to produce a clear solution. 8.4 ml conc. HCI (101.6 mmol) was added dropwise with rapid stir-nW ring over a period of 30 min. The mixture was titrated to pH 5.>-6.0 to give a clear solution and stirred for 10 min. The W I ] P O~~" was used immediately.
The alkyl chain derivatives were synthesized by a method similar to that of Knoth (4). For example. 0.35 ml C H J ( C H~)~S~C I~ (282.16 EW., 2.0 mmol) was slowly added to 1.84 mmol of the WllP039'-(2838.23 F.W. asthcNaSalt, 5.21 g)solution. The pHwas kept at 5.5-6.0 by theconstant addition of 1 N NaOH. The solution became cloudy before all of the CI3Sn(CH2)3CH3 was added. 2.67 g [(n-C4H9)4N)]4 I(322.28 glmol. 8.28 mmol) was added as a solid or in concentrated H20 solution, whereupon a thick white suspension formed. The mixture was filtered and the white solid was washed with'water and ethanol. The wet solid was vacuum-dried and dissolved in dry CH3CN. Microcrystalline [ (~-C~H~)~N I~W~I P O~& (CH2)jCHj crystals were harvested after H20 or ethanol diffusion with CH3CN solution, giving a 70% yield. Elemental analysis (Galbraith) gave C 19.22 (calculated. 20.22). H 54.73 (53.70). The longer chain alkyl derivatives were produced in a similar fashion. Infrared spectroscopy showed an increasing absorbance for the CHI stretch going through the series of products from the W11P039Sn(CH2)3Ch3~-to the W I~P O~~S~( C H~)~~C H ,~where the (CH& chain length increases. Their structure was also confirmed by high field 'H and "C NMR.
Conversion to the Na' salt form from the (n-C4H9)4N' (tetrabutylammonium; TBA) form was effected as follows: a fourfold molar excess of sodium tetraphenylboratc was added (to, e.g.. 7 Hmoles of alkyl tungstate product) in 1 ml of acetonitrile. This solution became cloudy with stirring for 15 min. Nitrogen was blown over this to remove the CHjCN. One ml of 0.2 M Na citrate buffer. pH 4.6. was added and stirred for 15 min; a Figure 3) , whereas none were on the carbon support film. Bar -0.020 pm. where Ph = phenyl.
Preparation of Synthetic Vesicles. Large phospholipid vcsiclcs (0.1-10 pm diameter) were prepared by a variation (7) of the method described by Reeves and Dowbcn (11) . Ten mg of phosphatidyl cholinc/phosphatidyl cthanolamine mixture (Sigma, St Lewis. MO; from egg yolk) was dissolved in 30 ml chloroformlmcthanol(2:l). This solution was placed in a 250-ml tdlon bcakcr and dricd. Ten ml of water were added and heated to 50'C without agitation for 1 h. The solution was then agitated with gentle shaking cvcry 5 min for 1 h.
Preparation of Red Blood Cells. The method followed was basically that dcxribcd by Stcck (12) . Whole blood (1 day-2 weeks old) containing 0.01 M EMA was uscd. All opcrations were carried out at 0-5'C. Ten ml of whole blood was mixed with 10 ml PBS (150 mM NaCI-5 mM Na phosphate, pH 8.0) and centrifuged for 10 min at 2000 x g. The supcrnatant and buffy coat were removed by aspiration. The pcllctcd blood cells wcrc resuspended in 10 ml PBS and washed three or four timcs until no buffy coat was visible. Two ml of packcd rcd cclls were recovered from 10 ml of whole blood. As 1 ml of packed red cells contains 8-10 x 10' cells, and the surfacc area of onc ccll is approximately 200 pm'. the membrane surface area per ml packcd red blood cells is z1.8 x 10" pm'.
Preparation Of Unsealed Erythrocyte Ghosts. To produce ghosts, 40 ml of icc cold 5P8 ( 5 mM Na phosphate. pH 8.0) were added to 1 ml of packed red blood cells and the suspension mixed thoroughly to induce cell lysis. Thc membranes wcrc then recovered by centrifugation (30,000 x g, 10 min). The clear red supcrnatant was removed by aspiration. The centrifuge tube was then rotated and the hard-packed button underlying thc membranes was remowd. This washing was rcpcatcd three timcs. aftcr which the ghosts appeared as a creamy sediment. Approximately 1 ml of unsealed ghosts were obtained from 1 ml packed red blood cells which contained 5-7 x lo9 ghost mcmbrancs. This is approximately cquivllcnt to 1.2 x 10" pm' of mcmbranclml of erythrocyte ghosts.
Labeling Methods. Various amounts of the tungstate compound were dissolved in 3 ml acetone. This was evaporated while rotating the test tube to coat the walls uniformly. The synthetic vcsiclcs, red cclls, or ghosts were then added in aqueous buffer (red cclls in PBS and ghosts in 5P8) and allowed to interact with the surfaces for 16 hr at 4'C. with agitation. The amount of tungstate used gavc a calculated stoichiometry of the number of tungstates per square pm of membrane.
To determine the optimal Concentration of the tungstate molcculcs for staining. micrographs from a dilution series ranging from 6.2 x 10' to 12.5 x 10' molecules pm' wcrc examined. It was found that tungstate conccntrations equivalcnt to 4.0 x lo4 molcculeslpm' for ghosts and 1.0 x 10' molcculeslpm' for red blood ccll mcmbranc gave a rcasonablc lcvcl of staining.
For the W11-alkyl compounds that had been metathesized to the Na' form, labeling proceeded differently. Since these forms were nor soluble in acetone, they were instcad sonicated for 20 min in buffer before incubation with the membranes.
Fixation and Embedding of Red Cells and Ghosts. Fixation was carried out ovcrnight at 4'C by adding 25% glutaraldehyde to each tub: to a final Concentration of 2.5%. After fixation, the tubes were centrifuged (30,000 x g. 10 min) and washed twice more in 3 ml PBS (cells) or 5P8 (ghosts). The pellet retrieved from the final wash was then re-suspended in 1.5 ml of the appropriate buffcr and 0.5 ml pipcttcd into 3 Becm capsules. These were centrifuged at 10.000 x g for 15 min. aftcr which timc the supernatant was rcmovcd by vacuum aspiration. leaving the membrane or ccll pellet at the apex of the capsulc.
Both the membranes and cells were embedded in Nanoplast (Polysciences; Warrington, PA) with a final volumc per Bccm capsule of 0.1 ml, dricd for 48 h at 40-C. and then hardened for a furthcr 48 hr at 60'C. After this timc the polymerized pellets wcrc rcmovcd from the capsules and attached to dowels for sectioning.
Smioning and Transmission Electron Microscopy. Ultra-thin sections (silver-gold) were cut on a Porter BIum ultramicrotome and the sections b Figure 10 . Electron micrograph taken with the conventional transmission electron microscopy (CTEM) of human red blood cell ghost membranes exposed lo the W,,-C,, alkyl tungstate label embedded in Nanoplast and thin-sectioned. Dense "railroad tracks" (arrows) similar to those seen with conventional membrane stains (Figure 11 ) are seen. Bar -0.070 pm. viewed under a Phillips 300 electron microscope. Control treatments were viewed either unstained or after staining with uranyl acetate and lead citrate.
Scanning Transmission Electron Microscopy. Thin carbon (2.5-3.5 nm) over holey films wu used. Since thin smples give better contrast ofclusters,
membranes that were preferably a single thickness were prepared. This was accomplished by placing 1 or 2 drops of membrane or cell solution onto the surface of water in a beaker. After 15 sec to 1 min, a grid was touched to the surface. The water caused hypotonic lysis of the red cells and the air-water interface served to spread the membranes. For synthetic vesicles, ghosts, and red blood cells. usually double membranes from the collapsed vesicles or cells were seen, with a smaller percentage of single membrane thickness fragments.
Specimens were then wicked ro near dryness, quick frozen in nitrogen slush, and freeze-dried overnight (9). The grids were transferred under vacuum to a high-resolution (0.25 nm) STEM (14) . where they were v i m d at doses of -2 x lo4 e/nm2 when at 500,000 magnification. Samples were not otherwise stained or shadowed.
Tungstate Clusters
Tungstate clusters containing 11 or 12 tungsten atoms can be easily seen in the high-resolution STEM (Figure 3 ) and appear as bright dots 1.0 nm in diameter. As observed earlier (8), these do not show any beam degradation and are visible even with high doses (>3 x 10' elnm2 accumulated dose).
Synthetzc Membranes
Phospholipid membranes composed of phosphatidyl choline and phosphatidyl ethanolamine were prepared in the 0.1-10 pm size rangc. Unstained membranes were visualized in the STEM (Figures 4 and  5) . At high magnification ( Figure 5 ) these showed no heavy atom contrast but were fairly uniform in mass thickness. Membrana permitted to interact with the W11-alkyI label W I I P O~~S~( C H~)~, C H~~did show many high-density 1.0 nm spots on their surface ( Figure  6 ). The number of spots per unit area was roughly proportional to the amount of tungstate compound used. A check of the varying alkyl chain lengths (C4, C8, C12, C18, C22) indicated that all inserted into the membranes. Use of the two different counterions, Na+ or (n-QH9)4N+, also confirmed incorporation, although the ((n-CqH9)4N+]4 Wll-Q compound showcd more uptake than the NaWll-Q. Because no tungsten or non-microscopic assay was used for quantitation, fine distinctions between amounts incorporated were not discerned.
Red Blood Cell Ghosts
Ghosts were labeled with the Wii-Cia and W11-C22 compounds. Typical STEM results are shown in Figure 7 . The membranes were loaded with many bright 1.0 nm dots not seen in unlabeled membranes (Figure 8 ). Increasing the amount of W11 compound exposed to the membranes by 102-103 resulted in a concomitant increase in membrane labeling (Figure 9 ). Single membrane thickness fragments permitted more clear visualization of the W11 clusters, although double thicknesses showed consistent results. The thickness of the membrane was determined by STEM mass measurement (15) and gave values of 7 nm and 14 nm for single and double thicknesses using the assumption of membrane density of 1.0.
Ghosts exposed to the Wii-Cla reagent appeared in thin section in the conventional transmission electron microscope (CTEM) as shown in Figure 10 . Dense "railroad track" appearances are seen, indicating that the label has reached both sides of the membrane. The density observed was roughly proportional to the original concentration of tungstate used for incorporation. Sectioned RBC ghosts stained with uranyl acetate and lead citrate appeared as shown in Figure 11 and also have the typical "railroad track" appearance. Completely unstained ghost membrane can be seen in Figure 12 and compared with the W11-stained membrane. Whereas the staining with uranyl acetate and lead citrate was very uniform over all membranes observed, the tungstate staining was more variable, some areas being very dense whereas others appeared lightly stained. This can be explained by the method of tungstate incorporation: A water-insoluble coating of the tungstate compound was deposited on a test tube wall. Membranes in buffer were agitated overnight in this tube. When membranes touched the wall, presumably the tungstate compound inserted into the cell membrane.
Because all surfaces were not exposed identically, an inhomogeneous membrane distribution resulted.
Whole Red Blood Celh
Thin sections of whole red blood cells labeled with the W11-Cla compound are shown in Figures 13-17 . The cells are not stained with any other agents, so that the electron-dense tungsten can be unambiguously identified. At low magnification ( Figure 13 ) the dark staining of the cell membrane is clearly seen. At medium m a g nification this is seen as a very fine dense line along the membranes (Figure 14) . A cell not stained with W11 is shown in Figure 15 , which shows no density along the membrane. At higher magnifications the membrane staining is seen to consist of discrete dense 4 Figure 14 . CTEM micrograph of an edge of a human red blood cell membrane at higher magnification than Figure 13 . The cells were exposed to the W,,-C,, alkyl tungstate, embedded in Nanoplast, and thin-sectioned. The membrane showed very fine electron density at its outer border. Bar -0.30 Mm. Figure 16 ). These results were obtained using the (n-C4H9)N' form of the compound. Similar results were seen using the Na' form ( Figure  17 ). There was evident high density only on the outer membrane surface rather than a "railroad track" type of staining. Since these were intact cells and the label was exposed only to the outer surface, staining would be expected to be confined there. This was in contrast to the leaky unsealed red cell ghost membranes where localization of the tungstate was observed on both membrane surfaces ( Figure 10 ).
Tungstate Vesides
Because these new long chain alkyl polyanions mimic the structure of phospholipids (hydrophobic tail and charged head) and because their handling in aqueous solution showed foaming like soaps, it was postulated that they may form lipid-like vesicles or other such lipid structures on their own. Therefore, they were dissolved in chloroformlmethanol (3:1), dried, and water added with subsequent agitation, i.e., subjected to the same lipid bilayer vesicle formation procedure used to form synthetic vesicles (see Materials and Methods). The products were examined in the STEM (Figure 18 ) and indeed indicated vesicle formation in the same size range produced from this method with phospholipids (0.1-10 pm). At higher magnification the images showed a myriad of 1.0-nm bright dots, indicating that their composition was of the alkyl tungstate ( Figure 19 ). Occasional micelles, small vesicles, or fragmented aggregates were observed in which one could even count the number of tungstate molecules (Figure 20 ).
Discussion
A new class of high-resolution membrane labels is introduced in this report. The synthesis of a charged tungstate cluster combined with a hydrophobic long alkyl chain mimics a phospholipid and thus may minimally perturb membrane structure or function. This should permit its use in dynamic membrane studies such as cell mapping, retinal membrane cycling, or synaptic vesicle tracking.
These labels are very small, the tungstate moiety being about 1.0 nm in diameter. This small size is frequently useful in a label, since it may be less perturbing than a larger one. In addition, its ability to reach limited-access regions should be better than with larger labels. A technical limitation of the small size is that although the individual 1.0-nm tungstates are easily seen in the high- Not all synthesized compounds were tested in all of the model systems described in this report. However, certain applications may make use of the variable hydrophobicity imparted by different chain lengths. When the coordinating cation used is (n-C4H9)4N+, the charged tungstate polyanion becomes tightly shielded and is not water soluble. The compounds using this cation are completely hydrophobic and probably insert into membranes deeply, and may be completely submerged in the hydrophobic central region. When the (n-C4Hg)4N* is exchanged for Na', the tungstate moiety becomes hydrophilic, and although it also gets incorporated into membranes it can be assumed that the tungstate remains exposed o n the surface in the aqueous phase.
The detection method used in this report was limited to electron microscopy with contrast generated by the electron density of the tungsten atoms. However, other methods, such as energydispersive X-ray analysis, electron energy-loss spectroscopy, backscattering, or other analytical techniques should be useful in visualizing these labels.
Although other membrane stains exist, such as lead citrate and osmium tetroxide, these materials significantly alter the membranes; osmium tetroxide, for example, fixes lipids by covalently reacting with unsaturated bonds. The tungstate labels herein described do not covalently react with membranes but rather dissolve in them and should minimally perturb their structure.
The tungstates can also be derivatized to covalently link them directly to proteins or other molecules as site-specific labels. This application is covered in a companion article in this issue.
The alkyl tungstates described in this report provide a means of selectively labeling membranes at high resolution. Theie compounds closely mimic phospholipids and should be useful in membrane studies.
